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To my dad and my mom, who gave me an open door to the world.
To Chester F. Carlson for his invention.
"We (the undivided divinity that operates within us) have dreamed
the world. We have dreamed it resistant, mysterious, visible,
ubiquitous in space and firm in time; but we have allowed into its
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Abstract
New sulfone derivatives were prepared and characterized for use as organic
electron-transport agents (ETA). The novel sulfone framework is isomeric to the
already existing 4-(dicyanomethylene)-4H-2-phenyl-benzo[b]thiapyran-1 ,1 -dioxide
(BbPS). The materials were coated over electrophotoactive films in order that electron-
mobility and photodischarge experiments could be preformed. The electrophotograhic
data of the new materials compared to BbPS showed slower film speed, a similar dark
decay and higher electron-mobility.
Chapter 1 - Introduction to Electrophotography
- History
The photoconducting phenomenon was first noted by May in the
1870's, but it was not until 1888, when Allawachs demonstrated the
phenomenon.8
Between 1920 and 1940, Pohl worked on determining the
control of the motion of electrons on a photo-active surface. In 1922, Von
Bronk attempted what can now be seen as the first concrete steps towards
the invention of the electrophotographic process. Von Bronk created images
upon irradiation of an electron-sensitive paper which had previously been
sandwiched between a conducting surface and a photoactive surface.
The prelude to the invention of electrophotography was the work of
Selenyi, between 1920 and 1930, in which he invented a process that
produced images. These images were drawn by the scanning of an
electronic beam, which created a pattern of electrical charges on an
insulating surface. The electrical image was then developed by dusting the
charged surface with powder.
In 1930, Chester F. Carlson, who had just received his B.Sc. from
California Institute of Technology, moved to New York to work at the Bell
Telephone Laboratories. Later he transferred to the patent department of P.
R. Mallory & Co.; and, at the same time, attended the NYU Law School,
where he became a patent attorney in 1934.
Between 1934 and 1937, Carlson worked intensively in the New York
Library, reviewing scientific literature, and began to sort out the ideas of the
electrophotographic process. Inspired by Selenyi's invention, Carlson
recruited Otto Kornei, a refugee physicist, and moved to the New York district
of Astoria to put in practice his ideas in 1938.
It was in the cold afternoon of October 22, 1938, that Carlson and
Kornei created the first electrophotographic image. The original process
utilized of an electrophotographic plate, whose construction was a zinc
'The following section is based on reference 1, pp 21-67 and reference 2, pp 1-50.
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plate coated with a layer of sulfur. The sulfur was melted and deposited over
the zinc plate and allowed to cool. This process was carried out in the
absence of light, and when the sulfur layer was cool, it was rubbed with a
handkerchief to produce surface charges. Independently, a figure was then
drawn on a glass slide and placed over the charged sulfur surface. The
entire setup was exposed to light for a few seconds, and after the light
source was removed, dyed lycopodium powder was dusted over the sulfur
surface. A piece of wax-coated paper was pressed against the powdered
image and then peeled off the plate.
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Figure 1. First electrostatic alpha/numerical image (October 22, 1938)
created by Chester F. Carlson (from reference 1).
In the years that followed, Carlson patented his invention and sought
financial support for the commercial development of the process. The
Battelle Memorial Institute of Columbus, Ohio, supported Carlson's ideas
starting in 1 944. In 1 948 his
invention was first demonstrated to the scientific
community by Haloid Co. (now Xerox Corp.) and the Battelle Memorial
Institute at a conference of the Optical Society of America in Detroit. The




for writing. The first commercial copier was
launched in the United States in 1950.
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Figure 2. Illustrative extract from Chester F. Carlson's first and second
patents in the electrophotographic process (from reference 1).
- The Electrophotographic Process
Although 54 years have passed since it's invention, Carlson's idea of
a rotating drum is still widely used as an electrophotographic mechanical
concept. Contemporary electrophotography is now a complex process,








Figure 3. Schematic illustration of the six steps of the electrophotographic
process: charge, expose, develop, transfer, fuse and clean (from reference 2).
*m
The first step is the charging of the photoreceptor, which is a
light-
sensitive device. This is accomplished with a corona discharge that causes
air breakdown over the photoreceptor surface. The corona discharge
consists of a high voltage applied along a wire, which causes the ionization
of the air molecules next to the wire. An electric field is then applied to
sweep charges towards the photoreceptor's surface.
The second step is exposure. Light is reflected from a document that
is being scanned by a light beam and hits the photoreceptor's surface. This
exposure causes the photoreceptor to discharge. In other words, an image
that is being scanned by a light beam has different light absorption paths,
which essentially means that light-area colors will reflect most of the
incident light, while dark-area colors will absorb most of the incident light.
Therefore, the image will have illuminated regions and shadow regions,
which will form the so-called "latent
image"





is the creation of an image,
constructed by the presence and absence of charges, over a surface which




Figure 4. The "latent
image"
being built up on the photoreceptor's surface
(from reference 1).
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The third step is development. The "latent
image"
is developed by
cascading electrostatically charged pigment particles called
"toner"
(which
create the real image by binding 'loner particles to charged areas) over the
photoreceptor. The developed image must now be transferred to the paper,
which is the fourth step. This is accomplished by placing a paper sheet
electrostatically charged with the proper polarity over the developed image.
The
'loner"
particles are then dragged onto the paper surface maintaining
the image.
The next step is permanently binding the
"toner"
particles onto the
paper, which is done by applying heat or pressure. Finally, in the last step
the photoactive surface is cleaned of any possible residual
'loner"
particles,
and the electrostatic image is erased in order to perform the next cycle.
- Charge Transport
One process that is the basis of electrophotography (photocopying) is
light-induced charge transport. This phenomenon takes place in a device
called a
"photoreceptor"
(sometimes called a "photoconductor"), which is
sometimes a polymer host doped with a pair of organic photoactive
compounds. The guest molecules are a pair of compounds that have
different behavior upon energy activation. The system behaves as a
dielectric in the dark. However, in the presence of a photon of appropriate
energy, the pair is capable of generating and transporting charges; one of
them transports electrons (acceptor) and the other transports holes or
positive charges (donor). Together in the doped polymer they can close a
circuit after irradiation with light, generating a charge-drawn image, which is
known as a "latent electrostatic
image"
or simply a "latent image".
Donor + hV ->
(Donor)"+
+ electron


















Figure 5. Schematic phases of the "latent
image"
generation.
Photoreceptors were originally prepared by coating elemental sulfur
over a metallic surface, according to Carlson's idea. Later came the
evaporation of amorphous selenium or tellurium/selenium alloy onto metallic
drums. Inorganic materials such as ZnO suspended in a polymeric matrix
were also developed.
Shortly after the first single-layer photoreceptors were introduced, the
construction of such device was done in a two-layer film architecture. The
film was built by first coating a charge-generation layer (CGL), where the
electron-hole pair is generated, over a metallized polymer. A charge-
transport layer (CTL), where the electron-acceptor is hosted, is then coated
over the CGL. A third barrier layer is sometimes added to reduce charge
injection from the metal to the CTL. The basic structure of the film has
change little over the years of electrophotographic development. With such
a film structure, the CGL and the CTL could be optimized independently.
6
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Figure 6. Scheme of a photoreceptive film (from refernece 1).
Several studies that have been carried out in the field of
photoreceptive films have identified several properties a film should have in
order to achieve commercial use. The film must hold high internal fields in
the absence of light, due to high surface charge density (low dark decay). It
must have a high quantum yield for the conversion of light energy into
electron-hole pair generation and further discharge (fast half discharge,
S1/2). It must have a high electron-mobility (u.) so that charges can travel the
thickness of the film within a much shorter time than the entire
electrophotographic process. The film also must have low charge trap
density; it should be non-hazardous, durable, manufactured at low cost and
produce the minimum amount of waste.
The first organic charge-transport materials were introduced by IBM.
They were electron-donors, mainly tertiary amines, capable of hole
transport. Today, due to several technical reasons, the investigation of new
organic charge-transport agents is not restricted to hole transport. There is
now considerable interest in the preparation of materials capable of
electron transport. Charge transport can be a spontaneous process
(conductors), or an activated process, induced by an external source of
energy (semi-conductors). Charge transport induced by a photonic energy
source, leads to organic molecules referred to as electrophotoconductors
(commonly called organic photoconductors or simply
"OP's"
).
Photoinduced charge transport is a field of importance in recent technology
developments not only in the electrophotographic science but in electronic^
and medicine.* Research into charge-transfer complexes (CT) is a branch of
this field which has a particular interest in charge transport at a solid-state
level.
Several types of materials capable of photoinduced charge transport
can be found in the scientific literature5. They appear as building blocks for
polymers or as small molecules held in a polymeric matrix." All molecules
have a similar set of characteristics. The presence of electron-withdrawing
groups, small ring systems, conjugation and molecular planarity are some










TCNQ TTF (X=S) DCNTT
TSF (X-Se)
Figure 7. Examples of organic photoconducting materials. TCNQ = Tetra
cyanoquinodimethane, TTF = Tetrathiafulvalene, TSF=Tetraselenafulvalene,
DCNTT = 2,5-Bis(cyanoimino)-2,5-dihydrothieno-[3,2-b]thiophene.
Electron transfer theory has been well developed by
Marcus."7 The
mechanism is believed to involve an electron-hole pair, by the transfer of





The transfer process is usually a very rapid process, much faster than
nuclear motion (10-16svs. 10"13s). During the transfer the electron has no
opportunity to increase or decrease in
energy. Thus, the energy levels of the
donor orbital which the electron leaves and the acceptor orbital which it
'The following section is based on reference 6, pp 211-232.
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enters must be approximately the same. Electron transfer takes place only
between matched energy levels, but the matching is brought about by bond
and solvent reorganization around the donor and the acceptor prior to the
transfer. This reorganization, abbreviated X, brings about the activation
barrier to electron transfers
According to the Marcus theory of electron transfer, the intrinsic
activation barrier for an one electron transfer, AG*, is given by the average of
the activation barriers of the two symmetrical reactions, analogous to a Syy2
reactions










The theory predicts the relationship between the free energy of
activation AG*, the intrinsic barrier AG*int, and the free-energy change
AG0
for an electron transfer reaction:
AG* = AG*int + 1/2
AG0
+
(AG0)2 / 1 6 AG*int+ fc
For the electron-transfer reactions the intrinsic barrier arises from the
bonding and solvent reorganizations. Marcus equation give a relationship
between free energy of activation (AG*) and the standard free-energy
change (AG0), thus it is a free-energy relationship?. If the overall free-energy
change is sufficiently negative, that is
AG0 =-4 AG*int, then, according to
Marcus theory,
AG cancels the intrinsic activation barrier AG*int.6
c/c=work expended to bring reactants from the infinity before the reaction + work expended to
separate the products after the reaction to infinity, k is neglected in a solid state reaction.
9
Because the activation barrier decreases with increasing
exothermicity, electron-transfer is much more common between a ground
state and an electronically excited compound than between two
ground-
state molecules.e Figure 8 illustrates this reasoning. In part (a) of the figure
the half-filled LUMO of the excited donor molecule is at a higher energy than
the empty LUMO of the gound-state acceptor molecule. Electron transfer
from the excited molecule is exothermic. In part (b) of the figure the
half-
filled HOMO of the excited molecule is at a lower energy than the full HOMO
of the ground-state molecule. Electron transfer to the excited molecule is
exothermic. Only in the situation shown in part (c) where the excited
molecule has a higher-lying HOMO but a lower-lying LUMO than the ground
state would electron transfer between an excited state and a ground-state
molecule be endothermic. If, however, both molecules are in the ground
state, electron transfer is exothermic only if the HOMO of the donor is more
energetic than the LUMO of the acceptor. The electron transfer would occur
isoenergetically to yield a vibrational excited state which would rapidly relax
















































-4-- HOMO -4-- HOMO
X Y
x-+ Y-
Figure 8. Thermodynamics of electron transfer between two molecules X
and Y (from reference 6).
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The meaning of Figure 8 can be concisely and quantitatively stated
with two equations. When the electron transfer is between two ground states





E (D/D+) = oxidation potential of the donor
E (A/A") = reduction potential of the acceptor
AG is negative only when the reduction potential of the acceptor is
larger then the oxidation potential of the the donor - C. When one of the
molecules is in its excited state, however, the Welter equation, given in its
form for polar solvents applies as follows:6
AG*
= E (D/D+) - E (A/A") -E^-C
AG0*
is the standard free-energy change for the excited-state reaction
and the additional term, E^, is the excitation energy of the excited molecule.
Since E^ is positive,
AG0*
will often be negative when the AG0 for the
corresponding ground-state reaction is positive.
There are available in the literature a few photoconduction theories in
organic assemblies. Most of them have been developed in recent years and
are based on the work of Onsagera and are sponsored by the commercial
development of the electrophotography. A simplified general expression for
photoconduction was developed by Goliber and Perlstein.a which is shown
in Scheme I for an electron-donor molecule (D) and an electron-acceptor
molecule (A).
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Braun extended the model for electric field-assisted dissociation of
charge-transfer states by considering the case that free charge carriers are
generated from the lowest-lying singlet (or triplet) charge-transfer state CT1f
which may be formed by optical excitation such that a neutral donor (or
acceptor) excited state encounters an acceptor (or
donor).8
The possible
charge-transfer interaction in the CTt state can then be described as shown
in Scheme II.
Scheme II
4 A._ .+ ME). free
A D - A D . charge
CT0 state C^ state
^ carriers
CT1 disappears either by the dissociation into free carriers with an
electric-field dependent rate constant ka (E) or by decay to the ground state
with rate constant kf (assuming ka{E) kb). The lifetime associated with
CT1 (ten) in tne Presence of an electric field (E) and the probability P(E) that
CT1 dissociates to free carriers are given
by:i
X en (E) = ft + *a
(E)]"1 P(E) = K (E) [kf + k_ (E)] = ka (E) T(E)
The following section is based on reference 10.
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Since there is no accurate method for determining the dissociation
constant ka, and the fact that the constant is expected to be dependent on
the applied field, a good approximation in given by:a.1
k_{E) = v e-AE/*T(i + b +b2/3 + b3/i 8 +...)
where v =3 <u>/e2 a2AE
b = e3 E/ (87c <e > e0W)
<u> = spatially averaged sum of hole and electron mobility
k= Boltzmann constant
e = elementary charge
a = CT-i pair separation
AE = CT-i pair binding energy
E = field strength
<> = spatially averaged dielectric constant
e0= permitivity of vacuum
T = temperature
In a photoconductive film, the charge transport depends on several
factors other than the empirical approach to electron transfer of the donor
and the
acceptor.'
Since charge-transport takes place within a polymeric
matrix, it is only a crude approximation which takes in to account the photo
active species. There is sufficient experimental evidence to support the idea
that charge transport depends upon the nature of the polymer as well. 23,30
Although several studies have been performed to assess the charge-
transport process in the solid state, there are no reports linking photo-active
molecular structure with electrophotographic properties. Some attempts,
however, can be found in the literature, where they establish relationships
within isolated classes of atomic arrays, but no general theory has thus far
been developed.16
'The following section is based on reference 11 .
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Solid-state investigation of the electron-transport phenomenon
generally recognizes that two important features among other factors are
essential for converting a disorganized group of organic molecules into an
electrically conductive array. First, from simple band theory concepts, a
molecule is capable of developing electronic mobility when filled and empty
electronic energy bands are built up by contributing molecular and atomic
orbitals lying in close proximity. The molecules must be located in a close
spatial proximity and in a similar crystallographic and electronic
environments such that an energetically uniform pathway exists for charge
hopping. Such a situation is commonly realized when flat, conjugated
molecules crystallize in various types of stacking which allow extensive
overlap of their 7C-electron systems. The way in which an electronic band
structure is built from the HOMO is found in an increasing number of
molecules being added to a cofacial molecular stack as shown in Figure 9.
In a simplistic Huckel-like tight-binding band-structure description, the
measure of how strongly neighboring HOMO'S interact is given by the
transfer integral, t, which is directly comparable to the Huckel resonance
integral, (3. The second requirement for electron-transport is that the highest
energy band must be incompletely filled, such that unpaired electrons can








Figure 9. Schematic illustration of how an electronic band structure is built
up by arraying increasing numbers of molecular subunit HOMO'S in a
molecular stack. The tight-binding band width is At (from reference 11).
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It is important to investigate new charge-transport agents (CT) in order
to enhance the performance of the photoprocess as well as to have a better
understanding of the entire electrophotographic process. This investigation
is concerned with the development of new possibilities for a particular group
of CT materials. The focus of the work is with the CT's which are restricted to
the electron-transport process.
The fluorenone framework has been used successfully as an
electron-transport agent in films in the past few years.12 Although the
fluorenone framework has very good electrophotographic properties, the
development of alternative agents is being pursued.13 Concerns over the
safety of the fluorenone-framework derivatives has driven the research for a
replacement in the commercial electrophotographic process.14
In recent years it has been known that the sulfone framework shown
below has very good electrophotographic properties, comparable to those of
the fluorenone framework.^ Currently several different types of sulfones are
under intense investigation from both a synthetic point of view as well as
from the point of view of the properties they may present.^6 Table 1 illustrates
a comparison between two derivatives of the two different frameworks,
coated in a polymeric matrix.^
o
fluorenone framework
R, = electron-withdrawing group
R2and R3 = H, alkyl, aryl, heterocycle or benzo-fuzed
sulfone framework
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Table 1. Properties of the Photoconducting Film doped with Acceptor
molecules in the Charge Transport Layer (CTL).
acceptor molecule
E1/2a E0b DDC S1/2d














a Half-wave potential at Pt electrode vs. SCE in CH3CN. b Initial field.
0 Dark decay. d Speed for half discharge (for positive charging).
Front Surface Exposure at A, = 670 nm with Tri-4-tolylamine as donor.
There are two sulfone frameworks under investigation in this work.
One is a benzo[b]thiophene skeleton A and the other is thioflavone
skeleton B. These two systems are isomeric variations of one other, and are
analogs of existing sulfones, which are known to have good performance as
photoconductors. Thus, A an B may have good electrophotographic
properties such that derivatives can be used in the study of structure-activity
relationships. There have been reports regarding the use of benzo[b]
thiophene derivatives as textile dyes;^ however, the chemistry of this group
of materials is unexplored.
16
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The presence of electron-withdrawing groups in photoconducting
materials is understood in terms of a radical-anion stabilizing feature.
Common examples of electron-withdrawing groups are the propanedinitriles
and cyanoimines. Sulfone groups have a particular influence in exerting
changes in the aromaticity of a molecule. The important change that ocurrs
in the molecular orbitals (MO) when a sulfide is oxidized to give a sulfone is
shown in Figures 10 and 11. The sulfone group does not have available
n-
bonding electrons to be delocalized in the rc-resonance cloud. In addition,
the molecular orbitals of the sulfone group do not overlap with the rest of the
aromatic conjugated cloud present in the structure, interrupting the
conjugation. Thus, the sulfone group rather then having a resonance










Figure 10. Sulfur-oxidation change in the MO of a conjugated system and
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Figure 11 . Huckel Molecular Orbital (HMO) energy levels for a sulfone and
a sulfide when an electron is accommodated in the 7t-framework.
In an HMO-energy-level analysis of the 7i-framework, the changes in
the MO energy diagram resulting from the oxidation of the sulfur atom are
quite drastic. The sulfur atom of the sulfide, which can delocalize the n-
electrons within the 7t-framework giving zwitterionic structure, permits an
aromatic type of MO energy-level diagram. On the other hand, the sulfur
atom of the sulfone group does not interact with the 7t-framework, which
causes the MO of the molecule to resemble a pentadienyl cation type. The
above changes in the MO picture illustrate that introduction of a single
electron to produce a radical anion to the sulfone MO results in the
occupation of a non-bonding orbital. This is considerably more favorable to
the stability of the radical anion than the introduction of a single electron to a
non-bonding orbital of a sulfide.
The two target frameworks A and B differ in the point of attachment of
the sulfone group. A simplified picture of the molecular framework can be
seen as a pentadienyl system attached to the sulfone group. The sulfone
can be attached to the pentadienyl skeleton in a
1,5- or 1,4-fashion, creating





6 / sulfone group\ &-
5- V *\
1 ,5-sulfone isomer 1 ,4-sulfone isomer
Figure 12. Attachment of a sulfone group to a pentadienyl skeleton.
Besides theoretical approaches and electrophotographic
experiments, several other factors are necessary in a molecule in order to
ensure a good electron-transport material. First, the solubility of the
compound in the film plays a key role. An adequate concentration of the
photo-active molecule in the film is between 20% and 40% and dependent
on the electron-mobility of the material. A concentration below 20% does
not give an adequate photoconductive response for practical applications. In
addition, it has been observed that sulfones with good electrochemical
properties and promising electrophotographic properties, have low
solubilities in the coating solvents and cannot be coated at appropriate
concentrations in the film. In extreme cases, the compound will crystallize in
the film and electrophotographic experiments cannot be performed.
Another important, but not mandatory, feature that electron-transport
materials should present, is reversible reduction in solution. The value of
E
is important for assessing the ability of the material to accept an electron.
However, there is no direct relationship between the redox potentials and
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the photoconductive properties. Compounds which have irreversible
reduction peak potentials can perform quite well as photoconductors when
hosted in a polymer.
This investigation is focused on the preparation of variations of the
two types of frameworks A and B. An HMO analysis^ shown in table 2,
indicates that the frameworks of A and B are sensitive to the attached R
group, based on the charge density at position 8. The framework B has a
larger change in electronic charge density at position 8 compared to the A
framework, suggesting that B is more sensitive to the nature of the
substituent at that position. The results also indicate that the attached ring
has more ic-charge density in A compared to B, which is due to the small
charge density at atom 9 for B. The same trend is observed for the
fused-
ring, which accommodates less 7c-charge density for B compared to A.
Even though atoms 1 and 5 hold most of the rc-charge in both the
neutral molecule and the radical anion, it is atom 6 and 8 which undergoes
the major electronic charge variations when a radical anion in generated.
The above calculated results suggest that derivatives of A and B should be
similar in function; however, the 7i-charge density is not equally distributed
over the fused and attached rings for the two frameworks. Even though A
and B have most of the rc-charge density over the central conjugated system,
A has more 7t-charge density over the fused and attached rings compared to
B. This is interpreted in terms of a higher radical-anion stability for A
compared to B. The HMO analysis of k- charge density for A and B is given
in Table 2.
20
Table 2. Computer Assisted HMO Calculation for 7c-Charge Density of the























A* dn dra Ad A# d dra ^d
1 -40.53 -45.65 -5.12 1 -35.44 -43.17 -7.73
2 +17.03 +13.61 -3.42 2 +17.41 +13.96 -3.45
3 -14.64 -17.45 -2.81 3 -8.15 -14.24 -6.09
4 +17.03 +13.61 -3.42 4 +17.41 +13.96 -3.45
5 -40.53 -45.65 -5.12 5 -35.44 -43.17 -7.73
6 +12.41 -5.47 -17.88 6 +9.71 -7.36 -17.07
7 -6.08 -6.23 -0.15 7 +2.32 +0.42 -1.90
8 +16.41 -2.51 -18.92 8 +7.70 -13.74 -21.44
9 -1.04 -2.34 -1.30 9 +0.06 -0.03 -0.09
10 +2.93 -2.62 -5.55 10 +2.03 -3.57 -5.60
11 -0.07 -0.23 -0.16 11 0.00 -0.04 -0.04
12 +2.60 -3.56 -6.61 12 +2.03 -3.73 -5.76
13 -0.07 -0.23 -0.16 13 0.00 -0.04 -0.04
14 +2.93 -2.62 -5.55 14 +2.03 -3.57 -5.60
15 +26.04 +18.89 -7.15 15 +18.77 +18.66 -0.11
16 +7.99 +5.00 -2.99 16 +5.97 +1.67 -4.30
17 -3.69 -6.06 -2.37 17 -4.02 -4.12 -0.10
18 +2.96 -1.96 -4.92 18 +2.59 -1.95 -4.54
19 -1.93 -2.63 -0.70 19 -3.17 -3.17 0.00
20 +2.31 -3.86 -6.17 20 +2.75 -1.76 -4.51
21 -2.04 -2.04 0.00 21 -4.57 -4.72 -0.15
dn : neutral molecule (x10"2). dra:
radical-anion (x10"2)
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The present work consists of the preparation and characterization of
the sulfone-framework derivatives of A and B by different synthetic
strategies, followed by the study of these compounds by electrochemical
techniques. In addition the sulfone derivatives were coated over a
photoactive film in order to measure electrophotographic properties such as
photodischarge and electron-mobility. Hopefully, a correlation exists
between molecular structure, physical-chemical characteristics and
electrophotographic properties which will enable us to gain a better
understanding of the process. HMO theory as well other empirical tools will
be used in an attempt to link theory to experimental data.
The proposed reaction routes for the preparation of target molecules
A and B as well as the properties of these materials are discussed in
Chapter 2. The Electrophotographic Results and Conclusions are in
Chapter 3. The synthetic routes derived from available literature sources,
based on the work published by Wadsworth and Detty.is and Shenoyand
co-workers2o are described in Chapter 4.
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Chapter 2 - Synthesis and Properties of the Materials
Synthesis of the Materials
The sulfone ring systems A and B were the initial target molecules;
these molecules are isomeric and present similar structural features. Both
molecules contain two electron-withdrawing groups, a sulfone and a
dicyanomethylidene, which are both capable of stabilizing a radical anion.
The presence of electron-withdrawing groups is an essential feature in the
preparation of electron-transport materials. Both molecules have a benzo[b]





The two molecules differ in that the primary ring is either 5-membered
or 6-membered, depending upon the point of attachment of the sulfone. A
1 ,5-sulfone bridge, where the sulfone group would be attached to a starred
carbon in the radical anion leaving an internal double bond, gives the
benzo[b]thiapyran ring system A. On the other hand, a 1,4-sulfone bridge,
where the sulfone group would be attached to a non-starred carbon in the
radical anion leaving an exocyclic double bond, generates the
benzo[b]thiophene ring system B.
The retrosynthetic analyses of compounds A and B are outlined in
Schemes III and IV, respectively. If the dicyanomethylidene unit were to
come from condensation of malononitrile with a carbonyl, then the isomeric
sulfones A and B can be constructed from two isomeric cinnamic acids
derivatives C and D using similar chemical transformations. Friedel-C rafts
cyclization of C and D or suitable derivatives would construct the ring
23
systems. Oxidation of the sulfides to the sulfones and introduction of the
dicyanomethylidene group could be attempted in different orders to
complete the syntheses.
A second pathway is apparent for target B as illustrated in Scheme IV.
If the exocyclic double bond were to be introduced via condensation of an
active methylene compound with a carbonyl group, then the intermediate E





















Schemes V and VI show the synthetic routes attempted, via Friedel-
Crafts acylation of isomeric cinnamic-acid derivatives. The a- and (3-
cinnamic acids 2 and 7 were key intermediates in the preparation of the
target dyes. The regioselective addition of thiols across the triple bond of
propiolates to give either a- or p-cinnamates has been reported.19 Under
neat conditions, the reaction of ethyl phenylpropiolate with benzenethiol,
gave the a-addition product via free-radical-type mechanism. On the other
hand, in a basic medium, suitable to a Michael 1,4-attack, ethyl phenyl
propiolate and benzenethiol yielded the paddition product. The
saponification of the cinnamic esters gave the carboxy cinnamates which













































































A number of preparations of 3 and 8 have been reported in the
literature.20.21 Phenylthioacetic derivatives were often used as precursors to
3 and 8, with variable degree of success.22 Friedel-Crafts type ring-closure
of the acids 2 and 7 in methanesulfonic acid and phosphorous pentoxide,
gave 3 and 8 .23
The oxidation of the sulfur atoms of 3 and 8 was attempted next,
leaving the malononitrile condensation as the last step. Oxone and peracetic
acid are known sulfur-oxidizing reagents and were used to prepare 9.16,24
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Both chemicals yielded low amounts of the sulfone with ever present small
amounts of the sulfoxide product. The low yields in the Oxone oxidation
were probably due to the poor solubility of the reactants in the reaction
solvent. Oxidation of 3 was performed using peracetic acid, which was
reported in the literature and gave good results.^
The condensation of malononitrile with compound 4, as the last step,
was partially successful. Although the desired material was obtained using
DMSO as solvent and basic alumina as catalyst, the final product was quite
impure and the transformation gave the lowest yield of the overall synthetic
work (11%). It was also noted that the sulfones reacted further when
dissolved in DMSO. Therefore, even though the reaction gave target 6, the
problems associated with this step made it less than useful.
The inversion of the last two steps was attempted for the preparation
of 6. The condensation of malononitrile with 3, in the presence of acetic
anhydride, was performed first to give 5. Oxidation of the sulfur atom of 5 to
the sulfone with peracetic acid in methylene chloride yielded 6 in very high
purity and with good yields.
The condensation of malononitrile with compound 9, did not yield 1 3,
instead the hydrolyzed amide product 1 3-A was isolated. Attempts to
synthesize 1 3 were performed in methylene chloride as solvent and basic
alumina as catalyst, at room temperature. Thin layer chromatographic
analysis (TLC) of this particular reaction, indicated the formation of a
significant number of side products. Other conditions were employed, such
as DMSO or ethanol as solvent and dimethylaniline or piperidine-acetic acid
as catalyst. For all the selected reaction conditions, the condensation with
malononitrile gave complicated product mixtures and the hydrolyzed amide
1 3-A. The amide was found to be contaminated generally with a compound
that had a FDMS peak m/z= 357, which was believed to be the addition of
two malononitrile molecules to 9. The difficulty of this condensation, as
characterized by the presence of a significant number of side products, can
be visualized in terms of competitive 1 vs. 1 nucleophilic attacks. The
nucleophilicity of the malononitrile
anion may lead to many secondary
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reactions in 9. Thus, it was believed that the solvent and the temperature
were key factors in this reaction and control of these factors should permit
1 over 1
,4-reaction; however, solvent polarity and temperature shifts did
not improve the results.
After several failed attempts of preparing 1 3, and due to the probable
low stability of the benzo[b]sulfone 3 toward nucleophilic attack, no more
work was performed in this particular route. A new approach was then
































(55% - 93 %)
R = aromatic or heterocyclic
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(46 % - 51 %)
(isomeric mixture)
R = aromatic or heterocyclic
R'
= ethyl, /so-propyl
The preparation of the key intermediate 1 2 gave, upon condensation,
different benzo[>]thiophene derivatives shown in Scheme VIII, in high yields
and high purity. A strength of this pathway was the synthesis of a sulfone
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rather then a sulfide in the first step, eliminating an oxidation step, thus










NC CN NC CN
19:X=S,Y = H A
20:X = S,Y = Me





NC CN NC CN
NMe,
NC CN NC CN
N2 29: R^OCKCKjlj NOz
30:R'
= OC(CH3)3
Compound 1 2was prepared in a variety of ways, but yields were
often low.25 a good preparation was found by adding ethylbenzoyl acetate
to oleumze (fuming H2S04), to give an enantiomeric mixture of the sufone 1 0.
The addition to the acid was done under vigorous stirring at 5 C, in order to
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avoid overheating during the exothermic reaction. Compound 1 0 was then
saponified with base and decarboxylated in the presence of acidic water, to
give 11 . The condensation of malononitrile with 11 in ethanol with
piperidine acetate as catalyst was very sensitive to temperature. Reaction
temperature was raised gradually to 60 C which avoided polymerization of
the substrate and other undesired side products.
The important features of the last step (the aldehyde "side
arm"
condensation), where 1 2was condensed with a variety of different
aldehydes, were high concentrations, an absence of catalyst and controlled
temperature. Higher temperatures or prolonged exposure to the alcohol
gave the the addition of alcohol across the double bond and/or
polymerization of 1 2. This undesired side reaction was avoided using a
minimum amount of solvent (4 ml_ of ethanol per gram of 1 2) and raising the
temperature gradually to 60 C. The product crystallized from the reaction
mixture as it formed.
Condensation of 1 2 with 4-nitrobenzaldehyde was not carried out in
the same solvent in which 13-28 were prepared. The 4-nitro group
promoted alcohol addition across the double bond, giving products 2 9 and
3 0. Increasing the temperature gave more alcohol addition across the
double bond. Sterically hindered alcohols were used in order to avoid
addition across the double bond. The bulkiness of 2-propanol (iso-
propanol) as solvent was not enough to overcome the addition process, and
product 3 0 was isolated; however, the use of 2-methyl-2-propanol (tert-
butanol) gave no alcohol-addition and only the condensation product 2 8
was isolated.
Spectral and Physical Properties of the Materials
The critical features of the 1H NMR spectra of the 5-membered ring
sulfone compounds are the chemical shifts of the four benzo-protons (HA-
HD) and the chemical shift of the olefinic proton of the exocyclic double bond
(HE). Typically, the proton attached to the exocyclic double bond is a singlet
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except for those systems where the attached substituent is an olefin (as in a
styryl group in 1 7 and 2 6), in which case HE is a doublet with a coupling
constant of 1 2-1 3 Hz. The proton HA is characterized by large
ortho-
couplings (5-8 Hz) and smaller me/a-couplings (2-4 Hz). The smaller para-
couplings (< 1 .5 Hz) were typically not resolved with the 1 Hz line
broadening employed in 1H NMR acquisition. Thus, HA and HD appear as a
doublet of doublets (coupled with HB and Hc), while HB and Hc and appear
as either a doublet of doublets of doublets (JAB* JBC or JBC J^) or a
triplet of doublets (JAB = Jqq or J__ = Jq_)- In a few cases a doublet of
doublets of doublets (coupled with HB, HcandHD) was resolved for the HA
proton signals.
H NC CN HaNC^CN
H_V\Jtf HE
S02 R
The chemical shifts of HA-HD remain fairly constant in all the
derivatives 1 3-2 8. The proton HA in the pen-position of the ring is the
furthest downfield in the range 8 8.73-8.84. Protons HB, Hc and HD are
found in the range 5 7.68-8.02.
Proton HE, attached to the exocyclic double bond is the most sensitive
to changes in the substituent R, as shown in Table 3. The chemical shift
range for proton HE is 8 7.55-9.22 and is dependent upon the electronic
nature of the attached R group. Compounds with R substituents that have an
inductive or a resonance electron-donating effect (1 4-1 8) do not affect the
chemical shifts to a significant degree. Compounds with 7C-excessive
heterocyclic R groups (1 9-2 3) are electron-donating substituents and
deshield the HE signals. The p-dimethylamino sulfone derivatives 2 4-2 7 are
capable of influencing the chemical shift of the HE protons to a larger degree
than the 4-methoxy substituent of sulfone 16. This is due to the strong
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electron-donating character of the dimethylamino group.
The six-membered ring sulfone 6 has a 1H NMR spectrum analogous
to the five-membered sulfone derivatives. The proton attached to the double
bond (HE) has a signal at 8 7.55, which is upfield compared to the the 5-
membered isomer. The splitting pattern for the benzo-fused ring is also
maintained; however, the HA signal is downfield (8 8.48) compared to the
5-
membered derivatives.
Table 3. 1H NMR of the Benzo-fused and the Olefinic Protons for
4-(Dicyanomethylene)-4H-2-phenyl-benzo[b]thiapyran-1,1-
dioxide (6) and [Benzo[b]thien-3(2H)-ylidene]-S,S-dioxide
Propanedinitrile Dyes (13-28).
HA HB He HD He
Compnd3 S(ppm) 8 (ppm) 8 (ppm) 8 (ppm) 8 (ppm)
6 8.48 7.89 7.83 8.26 7.55
13 8.73 7.89 7.84 7.96 8.46
14 8.76 7.87 7.83 7.95 8.43
15 8.75 7.88 7.83 7.96 8.44
16 8.75 7.85 7.80 7.96 8.41
17 8.84 7.87 7.82 7.97 8.54
18 8.75 7.64 7.58 7.66 9.22
19 8.81 7.87 7.81 7.98 8.72
20 8.81 7.87 7.82 7.98 8.68
21 8.79 7.89 7.83 7.99 8.58
22 8.81 7.86 7.82 7.98 8.46
23 8.87 7.86 7.83 7.98 8.60
24 8.81 7.81 7.74 7.94 8.33
25 8.75 7.77 7.72 7.91 8.19
26 8.85 7.82 7.76 7.94 8.60
27 8.79 7.81 7.83 7.97 8.68
28 8.74 7.96 7.91 7.99 8.46
a (CDCI3), ppm respect to Me3Si.
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Infrared spectral analyses confirmed the presence of key functional
groups. No major band shifts for the different sulfones (6, 1 3-2 8) were
observed. The most important stretching band, the C = N, was fairly constant
and appeared as sharp, medium-to-weak-intensity absorption bands
between 2205 - 2220 cm"1. The sulfone absorption bands were stronger in
intensity, and appeared at 1120-1180 cm-1 and at 1300-1370 cm-1.
Table 4. Reduction Potentials and UV-Visible Absorption
Maxima for 4-(Dicyanomethylene)-4H-2-phenyl-benzo[6]
thiapyran-1,1-dioxide (6) and [Benzo[b]thien-3(2H)-ylidene]-
S,S-dioxide Propanedinitrile Dyes (13-28).
Compnd3 Ered'.bV Ered".bV ^
max
<*
6 -0.26 -1.12 343 19500
13 -0.37 (irrv.) -1 .06 (irrv.) 389 13200
14 -0.39 (irrv.) -1.13 (irrv.) 411 18600
15 -0.40s -1.20s 413 30100
16 -0.41 e -1.14 (irrv.) 451 30100
17 -0.30s -1 .04 (irrv.) 452 29000
18 -0.36s -1.03s 453 17200
19 -0.35 (irrv.) -0.93 441 20500
20 -0.39s
-1.09h 470 25100
21 -0.37e -1.109 417 15900
22 -0.34e -1.07" 443 25700
23 -0.47s -1.17 499 38900







27 -0.47s -1.12 (irrv.) 538 67000
28 -0.13 (irrv.) -0.489 352 20700
a 1 0"3 M in methylene
chloride- b Volts vs. SCE at a platinum disk
electrode and 0.2 M
Bu4N+BF4"
as supporting electrolyte.
c nm (CH2CI2) .
d L moM cm-1. s Quasi-reversible peak potential at 50 Vs-1;
'Quasi-
reversible peak potential at 1 0 V
s-1
; 9 Quasi-reversible peak potential at 1 V
S"1;
h Quasi-reversible peak potential at 0.1 V s*1.
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As shown in Table 4, the redox potentials and the UV-Visible
absorption maxima for the benzo[b]sulfone dyes are sensitive to substituent
effects (R). One contribution to the substituent effect is analyzed in terms of
the relative stability of contributing starred structures as shown in Scheme
IX. The star identifies the carbons which will bear a positive charge in
resonance structures of the neutral molecules, or an unpaired spin in the
corresponding radical anions. Compounds with R groups or S substituents
capable of stabilizing the positive charge, will have more intramolecular
charge transfer, which should produce the lowest energy electronic
transition as well as the smallest HOMO-LUMO gap. Compounds with R
groups or S substituents that destabilize the radical anion, will have a higher
LUMO orbital, thus more energy will be required to add an electron to
produce a radical anion.










X = NH, S,0
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The electrochemical half-wave potential of the dyes can be related to
the molecular orbital levels by the following equations:28
Eox = -EHOMo(solvent) + K





The term K is a reference-electrode constant, and since the energy
values are affected by solvation to the same degree, the overall equation
gives an approximation of the HOMO-LUMO gap.
The adiabatic reduction potential is the energy required to promote an
electron to the LUMO orbital without structural relaxation. It is assumed that
the energy differences between the adiabatic and the non-adiabatic
reductions are similar throughout the series. A shift in the reduction
potential is observed when the R group or the S substituent is capable of
stabilizing or destabilizing the radical anion or when there is a change in the
conjugation of the system. Electron-donating R groups or S substituents are
responsible for destabilizing the radical anion by raising the LUMO energy
level. An increase in conjugation stabilizes the radical anion, lowering the
LUMO energy level. Resonance electron-donating S substituents (S
=
NR"2) increase the energy of the LUMO orbital relative to an inductive
electron-donating S substituent (S = Me). This is suggested in the change of
reduction potentials from 1 4 to 24 (AE = -0.20 V).
The increase in conjugation of the system can be seen as a radical-
anion-stabilizing feature. The increase in conjugation shifts the reduction
potential to a less negative potential. For compounds 1 3 and 17 the shift is
AE = +0.07 V, while the observed shift is AE = +0.15 V between compounds
2 4 and 2 6. The benzo-fused ring in 1 8 does not cause major changes in
the properties of the material compared to 1 3, the reduction potentials
remain fairly constant.
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The efficiency of the 7t-overlap of the substituent's lone-pair of
electrons also affects the reduction potential, by destabilizing the radical
anion, and increasing the energy required to reduce the species. The
difference in the reduction potentials can be seen for 2 4, which has free
rotation of the n-electrons in the substituent, and compound 25 where the
lone pairs of electrons is conformationally locked (AE = -0.19 V). Compound
2 7 also has a restricted rotation of the n-electrons, but the derealization of
the n-electrons over one extra aromatic ring changes the reduction potential
to a more positive potential compared to 2 5 (AE = +0.14 V).
Another comparative energy gap can be calculated from the
UV-
Visible absorption band. Table 5 summarizes the UV-Visible absorption





transitions. The energy required for promoting an electron from the ground
state to the S^ energy level is comparable to the HOMO-LUMO energy gap
(in turn comparable to the redox gap). As shown in Figure 11 , a linear
relationship is obtained when the reciprocal of Xmax (in eV) and the E'ox-
E'red> 9aP (in eV) are plotted.
Table 5. First Oxidation - Reduction Potentials and UV-Visible
Energy Absorption for Benzo[b]thien-3(2H)-ylidene]-S,S-dioxide
Propanedinitrile Dyes (14, 24, 25 and 26).
Compnd Eox',b V
Ered',b V E'ox-Ered, eV E x_max, eV
14 2.19 -0.41 2.60 2.98
24 1.29 -0.57 1.86 2.08
25 1.10 -0.61 1.71 1.96





Figure 13. Plot of CV-determined HOMO-LUMO gaps For 1 4, 24-26 as a
function of the energy of the corresponding absorption maxima in CH2CI2.
The UV-Visible absorption band and the reduction potentials are
affected in a similar way by the substituent. The electron-donating
S-
substituted dyes with a n ->
n*
transition (1 3-1 5, 1 7), absorb at a higher
energy wavelength compared to those dyes with an n ->
n*
transition (1 6,
24-27). In the dyes with n ->
n*
transitions, the red-shift effect relative to
those molecules with n ->
n*
transitions is dependent upon the increase in
the conjugation and/or the efficiency of the overlap between the n-electrons
of the S substituent and the p-7C framework. Thus the better orbital overlap
between n-orbital of the S substituent and the delocalized p-7C cloud, causes
a bathochromic shift.
The conformational locking of the n-electrons of the amine group for
2 5 is responsible for a 38-nm red-shift absorption compared to the
absorption maximum of 24 where the diethylamino group has free rotation.
For compound 27 where the n-electrons are also frozen in rotation, the
derealization of the n-electrons over two aromatic rings decreases the n-
electron density over the whole molecule, thus causing a 105-nm blue-shift
in absorption compared to 25.
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Increasing conjugation also contributes to a red-shift in the UV-Visible
absorption band. The increase in conjugation from 13 to 1 7, where X,max
involves % -> n*, is responsible for a 63-nm red-shift in the absorption band.
Similarly, a 78-nm red-shift is observed with increased conjugation when 2 4
is compared to 2 6, where n type transitions take place.
Compound 2 8 is the only example of an electron-withdrawing S
substituent (S = N02). The first and second reduction potentials were,
respectively, +0.13 to +0.44 V and +0.64 to +0.80 V more positive than the
potentials measured for materials with electron-donating S substituents or
electron-donating R groups. The UV-Visible absorption band presents a
37-
nm blue-shift with respect to 1 3 (S = H) and a 320-nm blue-shift with
respect to 26 (S = NR"2, z = 2). This is expected due to the interaction
between the p-7C framework and the p-7C-electrons of the nitro group. Mixing
the lone-pairs of electrons of the nitro group with the HOMO increases the
energy of the LUMO orbital, thus broadening the HOMO-LUMO gap causing
a shorter-wavelength absorption.
Dyes with 7C-excessive R groups (1 9-2 3), due to the conjugation of
the n-electrons of the heteroatom, are considered as electron-donating
substituents with k ->
k*
transitions. Therefore, one might expect that the
electronegativity of the heteroatom (0>N>S) will affect both the redox
potentials and the UV-Visible absorption maxima by narrowing the HOMO-
LUMO gap. Experimentally, it was noted that there was little difference in
either the redox potentials or the UV-Visible absorption bands when the
heteroatom was either sulfur or oxygen. Changing the heteroatom to
nitrogen caused a 60-nm red-shift and a -0.12 V change in the reduction
potential, to more negative values.
The different attachment of 7C-excessive R groups
(2- or 3-position)
gives an extra conjugation towards the heteroatom. The attachment of the
7C-excessive R group at the 3-position on 2 1 decreases the heteroatom's
electronic conjugation compared to the attachment at the 2-position on 1 9 ,
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broading the HOMO-LUMO gap; thus, the UV-Visible absorption band is 24-
nm blue-shifted. The increased conjugation in the attachment at the 2-
position of 1 9 seems not to affects the reduction potential. Athough the
reduction takes place +0.02 V more positive compared to 2 1, this differnce is
within the experimental the error.
In comparing the different sulfone dyes 1 3-27 with the isomeric
ring-
system 6, it can be seen that 6 has reversible first and the second reduction
potentials, which is a desirable but not essential feature of electron-transport
materials. The first reduction potential was between +0.03 to +0.35 V more
positive than the 5-membered ring derivatives excluding 2 8. The second
reduction potential was within the same potentials measured for all the 5-
membered ring derivatives.
Compound 2 8, with a 4-nitro substituent in the "side
arm"
portion of
the molecule, had the most positive first and second reduction potentials of
all the synthesized sulfones. This means that electron-withdrawing
substituents, which lowers the LUMO enegy level, have an opposite effect in
the redox properties compared to electron-donating groups, indicating the
importance of substituents in the control of the redox properties as well as
the solubility of a specific material.
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Chapter 3 - Electrophotographic Results and Conclusions
Photodischarge Properties
In order to perform electrophotographic measurements, the sulfones
need to be coated in a binder at an appropriate concentrations without
crystallization. Not all synthesized sulfones were able to achieve the
appropriate concentration in the coating solvent in order to have a minimum
of a 20% concentration by weight in the films related to the polymer binder.
Compounds 1 3, 1 7, 2 1, 2 2 and 2 8 were insoluble even at a 10% level.
Compounds 2 4, 2 5, 2 6 and 2 7 crystallized in the film after evaporation of
the coating solvent. Compound 2 3 was able to be coated in the films but
little photodischarge was detected. The photodischarge data of the sulfones
which gave reasonably good film coatings are summarized in Table 6.
Photodischarge data within the [benzo[b]thien-3(2H)-ylidene]
propanedinitrile derivatives 14-1 6,1 8-20 show no major differences in
either the film's dark decay or in the electrophotographic speed. The dark
decay varies between 2 V
s_1 and 10 V s*1 and increases as the surface
voltage (V0) increases from 300 V to 500 V. These values are comparable to
those found in good photoconducting
films.15 The film speed is also fairly
constant, varying by 40 % for a film voltage of 300 V (1 5.5
ergs/cm2 for 1 4 to
21 .6 ergs/cm2 for 1 8), and by 30 % for a film charge of 500 V (15.1 for 1 4
ergs/cm2 to 22.3 ergs/cm2 for 1 8). This data seems to suggest that a more
electron-donating substituent in the "side
arm"
portion of the molecule
causes a decrease in film speed. This can be seen in the change in the
speed between 1 4 (S1/2(300V) = 15.5 ergs/cm2, S1/2(500V) = 15.1 ergs/cm2)
and 1 6 (S1/2(300V) = 18.6 ergs/cm2.
S1/2(500 v> = 18.9 ergs/cm2) or 1 9
(S1/2(300 v> = 21 .6 ergs/cm2.
S1/2<500 v> = 19.6 ergs/cm2).
The effect of a larger hydrocarbon substituent group in the "side
arm"
in the case of 1 5, does not significantly affect the the electrophotographic
properties, but instead increases the solubility of the compound dramatically.
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Compound 15 and 20 can be coated at over a 30% concentration in the
film with no crystallization after evaporation of the coating solvent. In
addition compound 23, which has a strong electron-donating substituent,
displayed very little photoactivity. Compound 1 8, which had a naphthalene
substituent in the "side
arm"
portion of the molecule had a comparable
photodischarge behavior to compound 1 9. These two molecules presented
the slowest film speed of the tested sulfones.
Table 6. Photodischarge Properties for 4-(Dicyanomethylene)-
4H-2-benzo[&]thiapyran-1,1-dioxide (6) and [Benzo[b]thien-
3(2W)-ylidene] Propanedinitrile (14-16, 18-20).
Compnd Film Voltage3 Dark Decayb Half Discharge0
6 300 6 9.3
14 300 4 15.5
14 500 7 15.1
15 300 4 15.4
15 500 6 16.9
16 300 2 18.6
16 500 9 18.9
18 300 6 18.1
18 500 17 22.3
19 300 4 21.6
19 500 10 19.6
20 300 8 15.9
20 500 16 16.2
aV010(V). b0.5(Vs"1). c 1 .2 (erg cm-2).
Flectron-mobilitv Results
It is well known that electrophotographic behavior in molecularly
doped polymers follows a molecular disorder pattern according to
Borsenberger, Pautmeier and
Bassler.27 Any attempt to develop an
understanding of the relationship
between molecular structure and electron-
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mobility is limited to the existing theories and must be consistent with some
experimental observations. The electron-mobility (u.) data for compounds 6,
14-16 and 1 9 are summarized in Table 7.
The electron-mobility is dependent upon the nature of the substituent
attached to the "side
arm"
portion of the molecule in the same way as the film
speed. The fastest mobility was measured for 1 4, followed closely by 1 5
and 1 6. Compound 1 9 gave the lowest mobility. The data suggest a slower
mobility as the substituent becomes more electron-donating, which one
might expected from the electrochemical behavior of the electron-acceptor
material as as the susbstituent increases in electron-donating character. One
also might expect a decrease in the mobility due to a higher energy of the
LUMO for the derivatives with electron-donating susbstituents.
Table 7- Electron-mobility Data (p) for 4-(Dicyanomethylene)-
4H-2-phenyl-benzo[b]thiapyran-1,1-dioxide (6) and [Benzo[b]






1 4 3.0 5.92




1 5 4.0 7.94
1 5 5.0 6.09
1 5 6.0 7.85
a 20% concentration.
b
x 1 05 (V cm'1). c x 1 0"9 (cm2 V"1 S"1).
T = 21 C.
42
Table 7 (cont.). Electron-mobility Data (p) for 4-(Dicyano
methylene)-4H-2-phenyl-benzo[b]thiapyran-1,1-dioxide (6) and
[Benzo[b] thien-3(2H)-ylidene] Propanedinitrile (14-16 and 19).
Compnd3 Fieldb (p)co.03
16 2.0 1.78
1 6 3.0 2.73
1 6 4.0 4.01
1 6 6.0 7.03
1 9 3.0 0.97
19 4.0 1.49
1 9 5.0 2.03
1 9 6.0 2.67
3 20% concentration. b x 1 05 (V cm"1). c x 1 0"9 (cm2 V"1 S'1).
T = 21 C.
A plot of the square root of the electrical field versus the logarithm of
the mobility gave a linear relationship, which is shown in Figures 14 to 18.
This is in accordance with the experimental evidence so far accumulated in
this regard, there appears to be no apparent explanation for such a linear
relationship.
Structure-Properties Relationship
A comparison of the electrophotographic data between the framework
of A and B (6 compared to 1 4), gave unexpected results. The film speed of
6 is nearly 30% faster that 1 4, on the other hand the electron-mobility of 6 is
1/3 the mobility of 1 4. This
contradiction suggests that other than the
apparent features of A and B are responsible for their properties. One idea
is the degree of the rc-framework overlap, which is believed to be more
efficient for 1 4 compared to 6. The propanedinitrile group of 6 could be
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bent in a greater angle compared to 1 4, in order to minimize the steric
interaction of the cyano group with the hydrogen in the per/-position on the
fused ring. This might explain the slower mobility of 6. The fact that 6 has
reversible reduction potentials in solution could be responsible for an
increase in film speed, indicating that reversibility in reduction potentials is a
desirable feature of electron-transport materials.
Charge density calculations according to HMO theory indicate that, for
the framework A, the rc-charge is more equally distributed over the molecule
than in B. This can be translated to a smaller molecular dipole in A, causing
a more compact stacking of the molecules of A in the solid state. This
increases the possibility of the electron transfer in framework A.
Scheme VI
B
Solubility is one key factor in the film coating which can dictate the
use of different materials in electrophotography. Therefore, it is important to
prepare materials with high solubility or, as found in this work, precursors of
the actual materials can be prepared. New materials can also be prepared,
which are masked forms of the desired molecule. They could be generated










highly soluble in Ch^Cfe




in-situ generation of the
"OP"
Although a general rule relating the behavior of an
"OP"
to its molecular structure has yet to be developed, one can see from the
collected data that electron-donating substituents lead to poorer
electrophotographic properties. In addition, most of the non-polar
solubilizing groups are electron-donating, and an increase in solubility is
linked to a decrease in the performance of a material as an
electrophotoconductor. Substituents affect the reduction potentials as well
as the spectroscopic properties, which can be modulated in order to achieve
a desired behavior.
Steric factors also must be taken into account as an important
molecular characteristic. This means that a better overlap of the 71-framework
will aid the electron transfer process. Molecular planarity will cause a tighter
molecular stack, also increasing the probability of an electron-hop.
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Figure 14. Plot of natural logarithm (Ln) of the electron-mobility (p) vs. the
square root of the field (E) for compound (6).
Figure 15. Plot of natural logarithm (Ln) of the electron-mobility (p) vs. the
square root of the field (E) for compound (1 4).
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Figure 16. Plot of natural logarithm (Ln) of the electron-mobility (p) vs. the
square root of the field (E) for compound (1 5).
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Figure 17. Plot of natural logarithm (Ln) of the electron-mobility (p) vs. the
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Figure 18. Plot of natural logarithm (Ln) of the electron-mobility (p) vs. the
square root of the field (E) for (1 9).
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Chapter 4 - Experimental Section
Melting points were determined on a Thomas-Hoover capillary
melting-point apparatus and are uncorrected. 1H NMR spectra were
recorded on a Varian Gemini-200 (200 MHz) Spectrometer. Infrared spectra
were recorded on a Perkin-Elmer 298 Spectrophotometer. UV-visible
spectra were recorded on a Perkin-Elmer Lambda 5 UV/VIS
Spectrophotometer. Mass spectra were recorded on a Varian MAT-731
equipped for field desorption ionization (FDMS). Field depsorption mass
spectra were obtained using methylene chloride as solvent. Microanalyses
were performed on a Leeman Laboratories 240-X Analyzer for C, H and N
analysis and on a LECO Sulfur Detector SC-32 for S analysis.
Solvents were obtained from Kodak Laboratory Chemicals. Reagents
were obtained from Kodak Laboratory Chemicals when available. Other
reagents were obtained from Aldrich Chemicals Co.; peracetic acid was
obtained from FMC Co.; and diethyl ether was obtained from Baker
Analyzed Reagents. All chemicals were used as received.
Electrochemical Procedures. Cyclic voltammetry was performed
employing a Princeton Applied Research Potentiostat/Galvanostat Model
273 in line with an IBM PC-AT. The curves were plotted with a
Hewlett-
Packard Plotter Model 7550-plus. Sample solutions were prepared in
methylene chloride or in acetonitrile at 1 mM. Each sample was degassed
with argon for 5 min prior to use. Tetrabutylammonium fluorborate was used
as supporting electrolyte at 0.2 M. Potentials were
measured at a R disk or
a glassy carbon electrode at
scan rates of 0.1-50 V s-1.
Procedures for Film Coating. Films were prepared by dissolving
1 .5% of the dye (6, 1 3-28), 0.2% of a siloxane surfactant (DC51 0, supplied
by Dow Chemicals) and 7% of a
polymer (poiy-[4-4'-(2-norbomylidene)
bisphenyleneazelate-co-terephthalate (60/40)]) in methylene chloride and
coating the resulting
solutions on a nickel coated poly-(ethylenetere
phthalate) support
which had been previously coated with titanyl tetra
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fluorophthalocyanine.29 The coating was applied over the titanyl face,
under ultraviolet-free yellow light, and then dried at 80 C for 1 h.
Photodischarge Procedures. Photodischarge measurements
were performed as follows: A conducting stripe (conductive carbon
electrode) was applied at opposite edges of a 4.5-cm x 4.5-cm film piece
prepared as described above. The sample was then mounted in a chamber
(Despach 900 Series linked to a Schoeffel Light and Light Measurement)
constructed such that a corona discharge device, an electrostatic voltmeter
(Monroe Isoprobe Electrostatic Voltmeter Model 144S-4) and a grid control
charger (powered by a 6525A Hewlett-Packard DC Power Supply) could be
positioned in front of the film. The film was charged (Universal Electronics
Power Supply) to a certain surface potential with the corona discharge
device and the film was then moved in front of the electrostatic detector. First
the dark decay was measured in the absence of incident light and then the
film was exposed to light (830 nm) passing through a monochromator (10
mm slits). The resulting discharge was recorded on a chart recorder (Gould
EasyGraf Recorder TA 240). The intensity of the exposing radiation (1 erg
cm-2s-1) was measured on a radiometer (United Detector Technology 350
Linear/Log Optometer). Two film samples were analyzed for each dye.
The photodischarge parameters were calculated as follows: In a
typical photodischarge curve shown in Figure 19 an inflection point is seen,
which marks the exposure of the film to incident light. The part of the curve
with a more positive slope (left of the inflection point), corresponds to the
variation of voltage as a function of time in the absence of light, which
reflects the film's dark decay. The film's speed was calculated from the time
that the film requires to decay to half initial potential, which can be calculated
by reading the potential at the instant of the exposure (V0) and evaluating
the time to a half-decay potential value (V1/2).
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Dark Decay
Time to Half discharge
0 t(V1/2) t(sec)
Figure 19. Typical photodischarge curve.
Sample calculation for film coated with compound (6):
Input intensity = 1 erg cm-2 s-1
Chart Recording speed = 10 mm/s
Dark decay calculation (slope) = (307-301) volts/10 mm = 6 volts/ 1s
Dark decay rate = 6 V s"1
V0 = 310V
V1/2=155V
t(V1/2) = 93mm = 9.3s
S1/2 = 9.3 erg
cnr2
Electron-mobility Procedures. Electron-mobility measurements
were performed as follows: Multiple gold dots, approximately 5 mm in
diameter and 500 Angstroms thick were vapor deposited on a 3.5-cm x 2.0-
cm film piece prepared as previously described.
The thickness of the transporting layer was estimated as follows: the
nickel electrode layer was connected to a capacitance meter via strips of
conductive carbon paste (electrodes) along the short edge of the sample.
Contact was made to one gold dot via an indium-tip-coated, phosphor-
bronze electrode and the dot was connected to a capacitance meter
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(Dynascan Corporation 820 Capacitance Meter). Further analysis was done
with the aid of a computer (Gateway-2000/386). The thickness of the total
transport layer was calculated from the capacitance between one gold dot
and the nickel electrode, assuming a relative dielectric constant (e0) of the
layer of 3 and a constant area, using the relationship:
C = e0A/d where 80A = 464pmpF
d = 464/C
C = Capacitance (pF)
1pF = 10-12F
d = Film thickness (pm)
A = Area of the capacitor (urn2)
Electron-mobility was calculated from the measurement of the time-of-
flight (TOF). The nickel electrode was connected to a high voltage power
supply (Kepco 2500 ABC) via strips of conductive carbon paste (electrodes)
along the short edge of the sample. Contact was made to one gold dot via
an indium-tip-coated phosphor-bronze electrode. A certain voltage (Fluke
Voltmeter) was applied from the power supply to the sample, and then the
sample was irradiated with a 1ps pulse of light (boosted Xe-lamp 1538-A
Stroboscope General Radio). The resulting current was amplified (Princeton
Applied Research - 133 Amplifier) and modulated with a digitizer
(SONY-
Tektronix 390AD Programmable Digitizer). The output was read on the
screen of an oscilloscope (2235 Tektronix 100 MHz Oscilloscope). Further
analysis was done with the aid of a computer (Gateway-2000/386).
The electron-mobility parameters were calculated as follows: A typical
electron-mobility curve that relates the
variation of current as a function of
time is shown in Figure 20. An inflection point is noted, which corresponds
to the time that takes to the electrons to cross the film (time of flight,
TOF).3o
Thus the electron-mobility (u,) was calculated by the following relationship:
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u. = d2A/t (cm2V-1s-1)
d = film thickness (calculated by capacitance) (pm)
V = voltage applied to the film (volts)
t = time of flight (TOF) (ms)
(amp)
Time of Flight (TOF)
(ms)
Figure 20. Typical photocurrent transient curve.
Sample calculation for film coated with compound (6):
Capacitance of the sample = 77 pF
Thickness of the sample = 6.03 pm
Voltage applied to the sample = 241 .2 V
Electric field generated in the sample = 4.00 x 105V cm-1
Computer analyzed TOF data = 1 .32 s




Preparation of Ethyl p-(Pnenylthio)cinnamate (1): 350 mL of
a 0.3 M solution of sodium ethoxide in ethanol was treated with benzenethiol
(33.0 g, 0.30 mol). Ethyl phenylpropiolate (55.2 g, 0.32 mol) dissolved in
100 mL of ethanol was then added dropwise and the resulting mixture was
stirred under nitrogen for 12 h at ambient temperature. The reaction mixture
was then diluted with 100 mL of distilled water precipitating a white solid.
The crystalline mass was filtered and washed with a cold mixture of a 2:1
water/ethanol to give 73.8 g (86%) of 1 as a shiny white solid: mp 90-92 C;
1H NMR (CDCI3) 8 1.32 (t, 3H, J= 7 Hz); 4.26 (q, 2H, J=7 Hz); 6.06 (s, 1H);
6.92-7.29 (m, 11H). IR (KBr) 2995, 1690, 1580, 1310, 1230, 1170, 1030 cm"1;
(FDMS), m/z 272 (C16H1602S).
Preparation of p-(Phenylthio)cinnamic acid (2): Cinnamic
ester 1 (73.0 g, 0.26 mol) was added in one portion to a solution of 7.0 g of
sodium hydroxide in 200 mL of water. The solution was heated at reflux for
6 h and then cooled at ambient temperature. The reaction mixture was
diluted with 500 mL of distilled water and washed with ethyl ether (3 x 80
mL). Acidification of the aqueous layer with 50 mL of concentrated
hydrochloric acid precipitated the crude acid, which was extracted with
methylene chloride (3 x 150 mL). The combined extracts were dried over
sodium sulfate and concentrated. Recrystallization from acetonitrile yielded
42.6 g (64%) of the cinnamic acid 2 as a pale yellow crystalline solid: mp
140-142 C (lit.n> 138-144 C); 1H NMR (CDCI3) 8 6.12 (s, 1H); 6.97-7.18 (m,
10H). IR (KBr) 3040, 3000, 2700, 2600, 1660, 1610, 1585, 1555, 1410,
1310, 1240, 1210 cm-1; (FDMS), m/z 256 (C15H1202S).
Preparation of 4H-2-Phenyl-benzo[b]thiopyran-4-one (3):
Phosphorous pentoxide (38.0 g) was added to methanesulfonic acid (380.0
g) under a nitrogen atmosphere
with mechanical stirring. After complete
dissolution of the phosphorous pentoxide (20 h), the cinnamic acid 2 was
added (35.9 g, 0.127 mol) in one portion. The reaction mixture was stirred
under nitrogen for 8 h and then added dropwise to 3 L of a saturated sodium
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bicarbonate solution with rapid stirring. The solid product was collected by
filtration and washed with cold ethanol. Recrystallization from acetonitrile
gave 29.8 g (83%) of 3 as a brown crystalline powder: mp 122-124 C (lit."
122-123 C); 1H NMR (CDCI3) 8 7.22 (s, 1H); 7.45-7.69 (m, 8H); 8.53 (d xd
xd, 1H, J=0.8, 1.6, 7 Hz). IR (KBr) 3060, 1620, 1590 1550, 1450, 1435,
1335, 1100 cm-1; (FDMS), m/z 238 (C15H10OS).
Preparation of 4H-2-Phenyl-benzo[b]thiapyran-3-one-1,1-
dioxide (4). Procedure A: Oxone (8.0 g, 0.014 mol) was added to a
stirred solution of 3 (1 .0 g, 0.004 mol) in 120 mL of a 50% aqueous
methanol. The mixture was refluxed for 6 h, cooled at ambient temperature
and diluted with 200 mL of distilled water. The aqueous layer was extracted
with methylene chloride (3 x 100 mL) and the combined extracts were
washed with brine and dried over magnesium sulfate. Evaporation of the
solvent gave a brown oil, which was purified via column chromatography on
silica gel (20% EtOAc/CH2CI2). The product fractions were recrystallized
from acetonitrile to yield 0.74 g (67%) of 4 as a pale yellow crystalline solid.
Procedure B: Peracetic acid 35% (10 mL) was added dropwise to
a solution of 3 (1 .0 g, 0.014 mol) in 5 mL of methylene chloride. The
resulting solution was stirred for 1 .5 h. The yellow solid precipitated, which
was collected by filtration and washed with cold ethanol. Recrystallization
from acetonitrile gave 0.92 g (83%) of 4 as a pale yellow crystalline solid:
mp 135-136 C
(lit."* 135-136 C); 1H NMR (CDCI3) 8 6.82 (s, 1H); 7.54-
7.99 (m, 4H); 7.71-7.79 (m, 6H); 8.09 (d x d , 1 H, J= 0.9, 7.7 Hz), 8.21 (d x d ,
1H, J= 1.9, 7.7 Hz). IR (KBr) 3080, 1655, 1595, 1580, 1450, 1300, 1160 cur
1; (FDMS), m/z 270 (C15H10O3S).
Preparation of 4-(Dicyanomethylene)-4W-2-phenyl-benzo
[b]thiapyran (5): A mixture of 3 (25.0 g, 0.11 mol), malononitrile (9.9 g,
0.15 mol) and 150 mL of acetic
anhydride was heated at reflux with
mechanical stirring for 4 h. The reaction
mixture cooled at ambient
temperature and the brown crystalline product was collected by filtration and
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washed with cold ethanol. Product yield was 23.8 g (77%) of 5 as a deep
brown crystalline solid: mp 178-180 C; 1H NMR (CDCI3) 8 7.75 (m, 8H);
7.78 (s, 1H); 8.98 (d xd xd, 1H, J= 1.5, 2.2, 7.4 Hz). IR (KBr) 3050, 2210,
1580, 1550, 1465, 1450, 1335, cm-1; (FDMS), m/z 286 (C18H10N2S).
Preparation of 4-(Dicyanomethylene)-4H-2-phenyl-benzo
[b]thiapyran-1,1-dioxide (6). Procedure A: Basic alumina (1.0 g) was
added to a solution of 4 (0.1 g, 0.0004 mol) and malononitrile (0.04 g,
0.0006 mol) dissolved in 3 mL of DMSO. The resulting mixture was stirred
with heating at 50 C for 1 h and then cooled to ambient temperature. The
reaction mixture was filtered and the filter cake was washed with methylene
chloride (3x5 mL). To the filtrate was added distilled water (75 mL) and the
aqueous layer was extracted with methylene chloride (3 x 25 mL). The
combined extracts were washed with brine (2 x 25 mL) and distilled water (2
x 25 mL). Evaporation of the solvent and recrystallization from acetonitrile
gave 0.015 g (11%) of 6 as a yellow powder.
Procedure B: One hundred and fifty mL of 35% peracetic acid was
added dropwise to a solution of 5 (23.0 g, 0.08 mol) in 25 mL of methylene
chloride. The resulting solution was stirred at reflux for 2 h and then allowed
to cool at ambient temperature. Upon cooling a yellow solid precipitated,
which was collected by filtration and washed with cold ethanol.
Recrystallization from acetonitrile gave 22.8 g (89%) of 6 as a yellow
crystalline solid: mp 176-177C
(KU* 177-178 C); 1H NMR (CDCI3) 8 7.47
-7.59 (m, 4H); 7.74-7.80 (m, 2H); 7.83 (d, 1H, J= 2 Hz); 7.89 (d x d, 1H, J =
1.4, 7.5 Hz); 8.26 (d x d x d, 1H, J= 0.8, 1.7, 7.5 Hz); 8.48 (d x d x d, 1H, J=
0.8, 1.7, 7.5 Hz). IR ( KBr) 3050, 2220, 1565, 1345, 1315, 1160, 1140 cm"1;
UV-Vis Xmax (CH2CI2) 343 nm (19500), 230 nm (e 10800); (FDMS), m/z
318(C18H10N2O2S).
Anal. Calcd for C18H10N2O2S: C, 67.91; H, 3.17; N, 8.80; S, 10.07.
Found: C, 67.65 ; H, 3.27; N, 8.80; S, 9.58.
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Preparation of Ethyl a-(Phenylthio)cinnamic acid (7): Ethyl
phenyl propiolate (4.55 g, 0.025 mol) was added dropwise to benzenethiol
(2.80 g, 0.025 mol) under nitrogen atmosphere. The resulting mixture was
allowed to stand 15 h with no agitation. To the mixture was added 25 mL of
a 3 M potassium hydroxide solution and then heated at reflux for 6 h. The
resulting reaction mixture was cooled at ambient temperature and diluted
with 200 mL of distilled water. The aqueous layer was washed with ethyl
ether (2 x 50 mL) and acidified with 10 mL of concentrated hydrochloric
acid. The crude acid precipitated and was extracted with methylene chloride
(3 x 70 mL), the combined extracts were dried over sodium sulfate and
concentrated. Recrystallization from acetonitrile yielded 5.95 g (81%) of 7
as a yellow crystalline solid: mp 138-141 C
(lit." 139 C); 1H NMR (CDCI3)
8 6.12 (s, 1H); 6.98-7.22 (m, 6H); 7.35-7.54 (m, 3H), 7.55-7.63 (m, 1H) IR
(KBr) 3030, 1690, 1680, 1590, 1480, 1285, 1275, 1255 cm"1; (FDMS), m/z
256(C15H1202S).
Preparation of [2-[(Phenyl)methylene]benzo[b] thieno
phene-3-one (8): Phosphorous pentoxide (2.5 g) was added to
methanesulfonic acid (25.0 g) under a nitrogen atmosphere and mechanical
stirring. After complete dissolution of the phosphorous pentoxide (20 h) the
cinnamic acid 7 (1.3 g, 0.005 mol) was added in one portion. The reaction
mixture was stirred under nitrogen for 8 h and then added dropwise to 3 L of
a saturated sodium bicarbonate solution with rapid stirring. The solid
product was collected by filtration and washed with cold ethanol.
Recrystallization from acetonitrile gave 0.95 g (82%) of 8 as a yellow
powder: mp 116-118 C
(lit." 117 C); 1H NMR (CDCI3) 8 7.15-7.63 (m, 6H);
7.73 (d, 2H); 7.87-7.99 (m, 2H). IR (KBr) 3070, 1690, 1610, 1595, 1570,
1450, 1280, 1070, 1050 cm-1; (FDMS), m/z
238 (C15H10OS).
Preparation of [2-[(Phenyl)methylene]benzo[b] thieno
phene-3-one-1,1-dioxide (9). Procedure A: Oxone (8.0 g, 0.014 mol)
was added to a stirred solution of 8 (1.0 g, 0.004 mol) in 120 mL of a 50%
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aqueous methanol. The mixture was refluxed for 6 h, cooled at ambient
temperature and diluted with 200 mL of distilled water. The aqueous layer
was extracted with methylene chloride (3 x 1 00 mL) and the combined
extracts were washed with brine, dried over magnesium sulfate and
concentrated. The residue was purified via colum chromatography on silica
gel (20% EtOAc/CH2CI2) to give 0.30 g (27%) of 9 as an orange crystalline
solid.
Procedure B: 10 mL of 35% peracetic acid was added dropwise to
a solution of 8 (1.0 g, 0.014 mol) in 5 mL of methylene chloride. The
resulting solution was stirred at reflux for 1 .5 h. The orange solid
precipitated, which was collected by filtration and washed with cold ethanol.
Recrystallization from acetonitrile gave 0.34 g (31%) of 9 as an orange
crystalline solid: mp 158-160 C
(lit.20 159-160 C); 1H NMR (CDCI3) 8
7.48-
7.62 (m, 3H); 7.79-7.99 (m, 2H); 8.01-8.19 (m, 5H). IR (KBr) 3070, 1710,
1615, 1595, 1455, 1295, 1160, 1040 cm-1; (FDMS), m/z 270 (C15H10O3S).
Preparation of 3-Oxo-2-carboethoxy-2,3-dihydro-benzo[b]
thiophene (10). Ethyl benzoylacetate (100.0 g, 0.52 mol) was added
dropwise over a period of 1.5 h under vigorous mechanical stirring to fuming
H2S04 37% (500.0 g) cooled at 5C in an ice bath. After the addition was
complete the reaction mixture was stirred for 1.5 h and then added to 1000 g
of ice. The solid product was collected by filtration and washed with cold
water (30 mL) to give 132.1 g (85%) of 1 0 as a pale yellow solid: mp
138-
140 C (lit-asa 140 C); 1H NMR (CDCI3) 8 1.43 (t, 3H, J= 7 Hz), 4.47 (q, 2H,
J= 7 Hz), 7.64-7.82 (m,4H); IR (KBr) 3400, 3090, 2990, 1730, 1655, 1610,
1560, 1410,1350, 1310, 1230, 1160 cm-1; (FDMS), m/z 234 (C12H10O3S).
Preparation of
3-Oxo-2,3-dihydrobenzo[b]thiophene-1,1-
dioxide (11): A suspension of 1 0 (130.0 g, 0.51 mol) in 350 mL of 10%
aqueous H2S04 was heated at reflux for 6
h (until gas evolution ceased).
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The reaction mixture was cooled and a white solid precipitated, which was
collected by filtration and washed with cold water (30 mL). The product was
recrystallized from ethanol to give 83.8 g (90%) of 11 as a white crystalline
solid: mp 133-134 C (lit** 134 C); 1H NMR (CDCI3) 8 4.11 (s, 2H); 7.77-
8.03 (m, 4H). IR (KBr) 3440, 3000, 2950, 1730, 1590, 1300, 1210, 1150 cm"1;
(FDMS), m/z 182 (C8H603S).
Preparation of 3-Dicyanomethylene-2,3-dihydrobenzo[/?]
thiophene-1,1 -dioxide (12): A solution of malononitrile (38.0 g, 0.58
mol) in 70 mL of ethanol was added to a suspension of 11 (82.0 g, 0.45 mol)
in 100 mL of ethanol. The slurry was stirred mechanically while a solution of
acetic acid (2 mL), piperidine (0.7 mL) and ethanol (15 mL) was added
dropwise. The resulting mixture was heated at 60C for 8-12 h and then
cooled to ambient temperature. The solid product was collected by filtration
and washed with cold ethanol. Recrystallization from ethanol yielded 91.7 g
(78%) of 1 2 as a pale-red solid: mp 198-199 C (lit.zea 1 97-199 C); 1H NMR
(CDCI3) 8 4.53 (s, 2H); 7.83-7.98 (m, 3H); 8.67 (d x d x d,1 H, J= 0.8, 3, 7.5
Hz ). IR (KBr) 2980, 2940, 2235, 1580, 1565, 1325, 1230,1155, 1130 cm-1;
(FDMS), m/z 230 (C^HgN^S).
General Procedure for Preparation of Benzo[b]thien-3(2H)
ylidene]-S,S-dioxide Propanedinitrile Derivatives. Preparation
of [2-[(Phenyl)methylene]benzo[&]thien-3(2H)-ylidene]-S,
S-
dioxide Propanedinitrile (13). Procedure A: Basic alumina (1 .0 g)
was added to a solution of 9 (0.1 g, 0.0004 mol) and malonolitrile (0.04 g,
0.0006 mol) dissolved in 3 mL of
methylene chloride. The resulting mixture
was stirred magnetically at ambient temperature
for 1 h and then filtered.
The filter cake was washed with methylene chloride (3x5 mL). Evaporation
of the solvent and recrystallization from acetonitrile gave 0.019 g (15%) of
1 3-A as a pale yellow solid: mp 202-204 C; 1H NMR (CDCI3) 8 7.05-7.61
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(m, 2H); 7.41-7.62 (m, 3H); 7.69-8.15 (m, 5H); IR (KBr) 3430, 2920, 2220,
1720, 1595, 1460, 1320, 1250, 1180, 1160 cm-1; (FDMS), m/z 336
(C18H10N2O2S + 18) and 357 (C18H10N2O2S + 38).
Procedure B: The appropriate aldehyde (0.0022 mol) was added
dropwise if a liquid, or in one portion if a solid to a suspension of 1 2 (0.46 g,
0.0020 mol) in 3-4 mL of ethanol. The resulting mixture was stirred while
heated at 60C for 6-12 h . The reaction mixture was cooled and the
colored dye was collected by filtration and washed with cold ethanol.
Recrystallization from acetonitrile yielded 0.54 g (85%) of 1 3: mp 214-216
C; 1H NMR (CDCI3) 8 7.48-7.62 (m, 3H); 7.80-7.99 (m, 5H); 8.46 (s, 1 H);
8.73 (d x d x d, 1 H, J = 1 , 3.5, 6.3 Hz). IR (KBr) 3080, 2220, 1 595, 1 560,
1450, 1310, 1160 cm-1; UV-Vis Xmax (CH2CI2) 262 nm (810300), 285 nm (e
11900), 342 nm (11900), 389 nm (13200); (FDMS), m/z 319
(C18H10N2O2S).
Anal. Calcd for C18H10N2O2S: C, 67.91; H, 3.17; N, 8.80; S, 10.07.
Found: C, 67.79; H, 3.15; N, 8.72; S, 10.89.
The following derivatives were prepared according to
Procedure B: Preparation of [2-[(4-(Methyl)phenyl)methylene]
benzo[fc]thien-3(2H)-ylidene]-S,S-dioxide Propanedinitrile (14):
70%; mp 234-236 C; 1H NMR (CDCI3) 8 2.43 (s, 3H);
7.34 (d, 3H, J= 8 Hz);
7.77-7.99 (m, 5H); 8.43 (s, 1 H); 8.76 (d x d x d, 1 H, J
= 1 .2, 5.4, 8.76 Hz). IR
(KBr) 3050, 2220, 1590, 1540, 1315, 1190,
1165 cm-1; UV-Vis Xmax (CH2CI2)
228 nm (e 10200), 242 nm (9900), 293 nm (15200), 324 nm (10400),
342 nm( 10800), 364 nm ( 10400), 411 nm (18600); (FDMS),
m/z 332
(C19H12N202S).
Anal. Calcd for C19H12N202S: C, 68.66; H, 3.64; N, 8.43; S, 9.65.
Found: C, 68.54; H, 3.66; N, 8.58; S, 8.54.
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[2-[(4-(lsopropyl)phenyl)methylene]benzo[6]thien-3(2H)-
ylidene]-S,S-dioxide Propanedinitrile (15): 55%; mp 21 5-21 8C;
1H NMR (CDCI3) 8 1.29 (d, 6H, J= 6.9 Hz); 2.95 (septet, 1H, J= 6.9 Hz);
7.39 (d, 2H, J= 8.4 Hz); 7.79-7.99 (m, 5H), 8.44 (s, 1 H); 8.75 (d x d x d, 1 H,
J= 1.2, 3.5, 5.6 Hz). IR (KBr) 2990, 2210, 1595, 1540, 1430, 1305, 1270 cnr
1; UV-Vis Xmax (CH2CI2) 229 nm (19400), 260 nm (16300), 293 nm (
23500), 327 nm (15400), 343 nm (15400), 368 nm (16000), 413 nm (
30100); (FDMS), m/z 360 (C21H16N202S).
Anal. Calcd for C21H., 6N202S: C, 69.98; H, 4.47; N, 7.77; S, 8.90.
Found: C, 69.65; H, 4.48; N, 7.89; S, 7.78.
[2-[(4-(Methoxy)phenyl)methylene]benzo[6]thien-3(2H)-
ylidene]-S,S-dioxide Propanedinitrile (16): 73%; mp 209-210 C
(lit.20210 C); 1H NMR (CDCI3) 8 3.91 (s, 3H); 6.99 (d, 2H, J= 7 Hz); 7.78-
8.02 (m, 5H); 8.41 (s, 1 H); 8.75 (d x d x d, 1 H, J = 1 .2, 3.5, 5.8 Hz). IR (KBr)
3060, 2220, 1595, 1415, 1310, 1275, 1180 cm"1; UV-Vis Xmax (CH2CI2) 228
nm (14600), 262 nm (16500), 308 nm (21800), 344 nm (10200), 365
nm (6900), 451 nm (30100); (FDMS), m/z 348 (C19H12N203S).
Anal. Calcd for C19H12N203S: C, 65.51; H, 3.47; N, 8.04; S, 9.20.
Found: C, 65.08; H, 3.50; N, 8.12; S, 8.33.
[2-[trans-(Styryl)methylene]benzo[b]thien-3(2H)-ylidene]-
S,S-dioxide Propanedinitrile (17): 93%; mp 234-236 C; 1H NMR
(CDCI3) 8 7.37-7.48 (m, 4H); 7.64-7.69 (m, 2H); 7.79-8.01 (m, 4H); 8.54 (d,
1H, J= 12 Hz); 8.84 (d x d x d,1 H, J= 1, 2.2, 6.3 Hz). IR (KBr) 3080, 2220,
1605, 1590, 1530, 1305, 1275 cm-1; UV-Vis Xmax (CH2CI2) 229 nm (
11700), 260 nm (9300), 312 nm (23000), 452 nm (29000); (FDMS),
m/z 344(C20H12N2O2S).
Anal. Calcd for C20H12N2O2S: C, 69.75; H, 3.51; N, 8.13; S, 9.31.
Found: C, 69.54; H, 3.57; N, 8.09; S, 8.62.
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[2-[(l-Naphthyl)methylene]benzo[fc]thien-3(2H)-ylidene]-
S,S-dioxide Propanedinitrile (18): 88%; mp 212-214 C; 1H NMR
(CDCI3)8 7.55-7.68 (m, 3H); 7.79-7.96 (m, 5H); 8.01 (d, 1H, J= 8 Hz); 8.34
(d, 1 H, J = 7.2 Hz); 8.75 (d x d x d, 1 H, J= 1 .7, 2.3, 5.6); 9.22 (s, 1 H). IR (KBr)
3070, 2220, 1600,1560, 1320, 1165, 1145 cm"1; UV-Vis Xmax (CH2CI2), 229
nm (25900), 263 nm (14000), 303 nm (17200), 453 nm (11600);
(FDMS), m/z 368 (C22H12N202S).
Anal. Calcd for C22H1 2N202S: C, 71 .72; H, 3.28; N, 7.60; S, 8.70.
Found: C, 71 .41 ; H, 3.39; N, 7.82; S, 8.1 2.
[2-[(2-Thienyl)methylene]benzo[b]thien-3(2rV)-ylidene]-
S,S-dioxide Propanedinitrile (19): 71%; mp 209-211 C;1H NMR
(CDCI3) 8 7.32 (d x d, 1 H, J= 4, 5 Hz); 7.7-8.02 (m, 4H); 8.09 (d, 1 H, J= 4
Hz) 8.72 (s, 1H);8.81 (dxdxd, 1H, J= 1.3, 3.4, 7 Hz). IR (KBr) 3100, 2210,
1590, 1560, 1410, 1300, 1160 cm-1; UV-Vis Xmax (CH2CI2) 230 nm (6700),
256 nm (8100), 307 nm (16600), 358 nm (6900), 380 nm (6800), 441
nm (20500); (FDMS), m/z 324 (C16H8N202S2).
Anal. Calcd forC16H8N202S2: C, 59.24; H, 2.49; N, 8.64; S, 19.77.
Found: C, 58.99; H, 2.57; N, 8.60; S, 18.75.
[2-[(2-(4-(Methyl)thienyl)methylene]benzo[b]thien-3(2H)-
ylidene]-S,S-dioxide Propanedinitrile (20): 69%; mp 223-225 C; 1H
NMR (CDCI3) 8 2.65 (s, 3H); 7.01 (d x d, 1 H, J= 0.9, 4 Hz); 7.77-8.01 (m,
4H); 8.68 (s,1H); 8.81 (dxdxd, 1H, J=0.6, 3.2, 6.1 Hz). IR (KBr) 3090,
2220, 1590, 1565, 1530, 1440, 1370, 1310, 1 1 65
cm"1
; UV-Vis Xmax
(CH2CI2), 227 nm (7800), 260 nm (8600), 314 nm (17900), 360 nm (
5100), 282 nm (4200), 470 nm (25100); (FDMS), m/z 338
(C17H10N2O2S2).
Anal. Calcd for C17H10N2O2S2: C, 60.34; H, 2.98; N, 8.28; S, 18.95.
Found: C, 60.17; H, 3.06; N, 8.35; S, 17.87.
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[2-[(3-Thienyl)methylene]benzo[d]thien-3(2H)-ylidene]-
S,S-dioxide Propanedinitrile (21): 87%; mp 193-195 C; 1H NMR
(CDCI3) 8 7.48 (d x d, 1 H, J = 2.9, 5.3 Hz); 7.77-8.02 (m, 3H); 8.35 (d, 1 H, J =
2.9 Hz); 8.58 (s, 1H); 8.79 (d x d x d, 1H, J= 0.6, 3.4, 6.8 Hz). IR (KBr) 3100,
2220, 1590, 1565, 1550, 1310, 1165 cm-1; UV- Vis Xmax (CH2CI2) 230 nm (e
7900), 296 nm (13400), 325 nm (9300), 342 nm (9700), 363 nm (e
8900), 417 nm (15900); (FDMS), m/z 324 (C16H8N202S2).
Anal. Calcd for C16H8N202S2: C, 59.24; H, 2.49; N, 8.64; S, 19.77.
Found: C, 58.93; H, 2.58; N, 8.56; S, 19.06.
[2-[(2-Furyl)methylene]benzo[b]thien-3(2H)-ylidene]-S,S-
dioxide Propanedinitrile (22): 76%; mp 224-225 C; 1H NMR (CDCI3)8
6.78 (d x d, 1H, J= 1.7, 3.8 Hz); 7.64 (d, 1H, J= 3.8 Hz); 7.68-8.02 (m, 4H);
8.46 (s, 1 H); 8.81 (d x d x d, 1 H, J= 0.9, 2.7, 7 Hz). IR (KBr) 31 00, 2220,
1600, 1515, 1310, 1165, 1025 cm"1; UV-Vis Xmax (CH2CI2) 242 nm (8300),
268 nm (10100), 304 nm (19200), 340 nm (7300), 360 nm (7900),
382 nm (9100), 443 nm (25700); (FDMS), m/z 308 (C16H8N203S).
Anal. Calcd for C16H8N203S: C ,62.33; H 2.62; N, 9.09; S, 10.40.
Found: C, 62.07 ; H, 2.72; N.9.07; S, 9.69.
[2-[(2-Pyrrolyl)methylene]benzo[b]thien-3(2H)-ylidene]-
S,S-dioxide Propanedinitrile (23): 77%; mp 215-216 C; 1H NMR
(CDCI3) 8 6.54 (quintet, 1H, J= 2 Hz); 7.13-7.20 (m, 1H); 7.48-7.53 (m, 1H);
7.78-7.90 (m, 2H), 7.94-8.02 (m, 1H); 8.60 (s, 1H); 8.87 (d x d x d, 1H, J =
0.54, 2.42, 5.26 Hz). IR (KBr) 3320, 3150, 2210, 1585, 1560 1510, 1420,
1300, 1160, 1135, 1045 crrr1; UV-Vis kmax(CH2CI2) 265 nm (10800), 317
nm (22900), 368 nm (3800), 499 nm (38900); (FDMS), m/z 307
(C16H9N302S).
Anal. Calcd for C16H9N302S: C, 62.53; H, 2.95; N, 13.67; S, 10.43.
Found: C, 62.43; H, 2.93; N, 13.55; S, 11.01.
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[2-[(4-(N,N.-Dimethylamino)phenyl)methylene]benzo[6]
thien-3(2H)-ylidene]-S,S-dioxide Propanedinitrile (24): 88%; mp
221-222 C; 1H NMR (CDCI3) 8 1.26 (t, 6H, J= 7.3 Hz); 3.51 (q, 4H, J= 7.3
Hz); 6.75 (d, 2H, J = 9.3 Hz); 7.72-7.99 (m, 5H); 8.33 (s, 1 H); 8.81 (d x d x d,
1H, J =1.6, 2.8, 5.8 Hz). IR (KBr) 2980, 2210, 1615, 1495, 1445, 1335, 1195,
1110 cm-1 ; UV-Vis Xmax (CH2CI2) 287 nm (e 1 0900), 356 nm ( 1 71 00), 595
nm (70000); (FDMS), m/z 389 (C22H19N302S).
Anal. Calcd for C22H19N302S: C, 67.85; H, 4.92; N, 10.79; S, 8.23.
Found: C, 67.31 ; H, 4.84; N, 10.58; S, 7.82.
[2-[(Julolyl)methylene]benzo[b]thien-3(2H)-ylidene]-S,S-
dioxide Propanedinitrile (25): 73%; mp 212-214 C; 1H NMR (CDCI3) 8
1.98 (quintet, 4H, J= 5.7, 5.8 Hz); 2.79 (t, 4H, J= 5.8 Hz); 3.42 (t, 4H, J= 5.7
Hz); 7.59 (s, 2H); 7.69-7.78 (m, 2H); 7.86-7.92 (m, 1H); 8.19 (s, 1H); 8.7 (d x
d x d, 1 H, J = 1 .2, 2.6, 6 Hz). IR (KBr) 2950, 221 0, 1 620, 1 580, 1 435, 1 370,
1310, 1240, 1180 cm-1; UV-Vis Xmax (CH2CI2) 230 nm (14500), 260 nm (
11000), 290 nm (15100), 317 nm (13800), 348 nm (12400), 366 nm (
17900), 400 nm (9600), 633 nm (95000); (FDMS), m/z 413
(C24H19N302S).
Anal. Calcd for C24H19N302S: C, 69.71; H, 4.63; N, 10.16; S, 7.75.
Found: C, 69.66; H, 4.59; N, 10.02; S, 7.93.
[2-[(trans-(4-li,N.-Dimethylamino)styryl)methylene]benzo
[Jb]thien-3(2H)-ylidene]-S,S-dioxide Propanedinitrile (26): 68%;
mp 243-245 C; 1H NMR (CDCI3) 8
3.14 (s, 6H); 6.69 (d, 2H, J= 10 Hz);
7.36-7.97 (m, 7H); 8.60 (d, 1H, J= 12 Hz); 8.85 (m, 1H,
J= 1.6, 2.7, 5.3 Hz).
IR (KBr) 2970, 2205, 1580, 1535, 1490, 1360, 1160, 1100 cm-1; UV-Vis Xmax
(CH2CI2) 230 nm (11600), 295 nm (20100),
338 nm (16300), 357 nm
(20900), 380 nm (17000), 673 nm (114600); (FDMS), m/z 387
(C22H17N302S).
Anal. Calcd for C22H17N302S C, 68.20; H, 4.42; N, 10.84; S,
8.28. Found: C, 68.01 ; H, 4.41 ; N, 1 0.72; S, 7.81 .
64
[2-[(9-Ethyl)-3-carbazolyl)methylene]benzo[d]thien-3(2W)-
ylidene]-S,S-dioxide Propanedinitrile (27): 89%; mp 265-267 C;1H
NMR (CDCI3) 8 1 .49 (t, 3H, J = 9 Hz); 4.41 (q, 2H, J = 9 Hz); 7.24-7.81 (m,
9H); 7.81-7.86 (m, 2H); 7.97-8.01 (m, 1H); 8.14-8.23 (m, 2H); 8.68 (s, 1H);
8.74-8.84 (m, 2H). IR (KBr) 2960, 2210, 1590, 1550, 1520, 1500, 1470,
1 395, 1 305, 1 230, 1 1 60 1 1 05 cm-1 ; UV-Vis Xmax (CH2CI2) 240 nm (e 51 300),
250 nm (38300), 289 nm (40900), 329 nm (51300), 538 nm (67000);
(FDMS), m/z 435 (C26H17N302S).
Anal. Calcd for C26H1 7N302S: C, 71 .71 ; H, 3.93; N, 9.65; S, 7.36.
Found: C, 71.29; H, 3.97; N, 9.43; S, 8.76.
[2-[(4-(Nitro)phenyl)methylene]benzo[b]thien-3(2H)-
ylidene]-S,S-dioxide Propanedinitrile (28): 2-Methyl-2-propanol (8.0
g) was added to a solid mixture of 4-nitrobenzaldehyde (0.33 g, 0.0022 mol)
and 1 3 (0.46 g, 0.002 mol). The resulting mixture was magnetically stirred
at reflux for 7 h. The reaction mixture was cooled to 40C and the brown-
colored dye was collected by filtration and washed with cold ethanol.
Evaporation of the solvent in an ultra-low pressure chamber for 8 h yielded
0.65 g (89%) of 2 9: mp 271-274C; 1H NMR (CDCI3) 8 3.91 (s, 3H); 6.99 (d,
2H, J= 7 Hz); 7.84-8.01 (m, 5H); 8.36 (d, 2H, J= 8.9 Hz); 8.46 (s, 1H); 8.74 (d
x d x d, 1 H, J = 0.7, 2.7, 5 Hz). IR (KBr) 31 00, 2230, 1 620, 1 600, 1 530, 1 350,
1320, 1170 cm-1; UV-Vis Xmax (CH2CI2) 229 nm (12600), 369 nm (e
14800), 397 nm (13900), 352 nm (20700); (FDMS), m/z 363
(C18H9N304S).
Anal. Calcd for C18H9N304S: C, 59.50 ; H, 2.50; N, ;11.56 S, 8.82.
Found: C, 59.64; H, 2.41 ; N, 11 .45; S, 8.99.
65
[2-[1-Ethoxy-4-nitrobenzyl]benzo[6]thien-3(2H)-ylidene]-
S, S-dioxide Propanedinitrile (29): Ethanol (4 mL) was added to a
solid mixture of 4-nitrobenzaldehyde (0.33 g, 0.0022 mol) and 1 3 (0.46 g,
0.002 mol). The resulting mixture was magnetically stirred at reflux for 7 h.
The reaction mixture was cooled and the dye was collected by filtration and
washed with cold ethanol. Recrystallization from acetonitrile yielded 0.37 g
(51%) of 2 9 as a pale-yellow solid: mp 212-214 C; 1H NMR (CDCI3) 8 0.72
(t,3H, J= 6.9 Hz); 3.26 (m, 2H); 4.91 (d, 1H, J=3.1 Hz); 5.61 (d, 1H, J=3.1
Hz); 7.54 (d, 2H, J= 8.5 Hz); 7.81-7.98 (m, 3H), 8.33 (d, 2H, J= 8.8 Hz); 8.47
(d x d x d, 1 H, J = 0.8, 1 .9, 5.5 Hz). IR (KBr) 2980, 2240, 1 590, 1 520, 1 360,
1320, 1210, 1160, 1100 cm-1; (FDMS), m/z 363 (C18HgN304S - 46).
[2-[1-(2-Propoxy)-4-nitrobenzyl]benzo[b]thien-3(2H)-
ylidene]-S, S-dioxide Propanedinitrile (30): 2-Propanol (4 mL) was
added to a solid mixture of 4-nitrobenzaldehyde (0.33 g, 0.0022 mol) and
1 3 (0.46 g, 0.002 mol). The resulting mixture was magnetically stirred at
reflux for 7 h. The reaction mixture was cooled and the dye was collected
by filtration and washed with cold ethanol. Recrystallization from acetonitrile
yielded 0.32 g (46%) of 30 as a white solid: mp 217-219 C; 1H NMR
(CDCI3)S 0.71 (dxd, 6H, J=6.1 Hz); 3.52 (m, 2H); 4.43 (d, 1H, J= 2.8 Hz);
5.39 (d, 1 H, J= 2.8 Hz); 7.56 (d, 2H, J= 8.8 Hz); 7.82-7.98 (m, 3H), 8.32 (d,
2H, J= 8.8 Hz); 8.45 (d x d x d, 1 H, J= 0.7, 1 .7, 4.8 Hz). IR (KBr) 2980, 2240,
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